Sirtuin 1 (SIRT1), the mammalian ortholog of yeast Sir2, is a highly conserved NAD + -dependent protein deacetylase that has emerged as a key metabolic sensor that directly links environmental nutrient signals to animal metabolic homeostasis. SIRT1 is known to be involved in gluconeogenesis in the liver, fat mobilization in white adipose tissue, and insulin secretion in the pancreas. Recent studies have shown SIRT1 to regulate fatty acid oxidation in the liver, sense nutrient availability in the hypothalamus, influence obesity-induced inflammation in macrophages, and modulate the activity of circadian clock in metabolic tissues. The activity of SIRT1 also appears to be under control of AMPK and adiponectin. This review focuses on the involvement of SIRT1 in regulating metabolic diseases associated with obesity. It includes brief overviews of sirtuin signaling, with emphasis on SIRT1s role in the liver, macrophage, brain, and adipose tissue as it relates to obesity.
Introduction
Western societies are experiencing an alarming increase in the rate of metabolic syndrome, which consists of a collection of abnormalities including visceral obesity, type 2 diabetes, dyslipidemia, fatty liver, and a pro-inflammatory and prothrombotic state (1) . Currently, approximately 27% of adults and 17% of children and adolescents in the United states have body mass index readings above 30 Kg/m2, which is considered the threshold of obesity (2) . Moreover, one in four adults in the United States suffers from diseases associated with metabolic syndrome and worldwide estimates are over 2.1 billion (2) . Ultimately, this epidemic threatens to overburden our healthcare system with weight-related diseases and reduce both human lifespan and quality of life.
The metabolic abnormalities caused by abdominal obesity can be further aggravated by additional factors including advancing age. Typically, aging is accompanied by gradual weight gain, and changes in the levels and distribution of fat (3) . In the past, humans have shown increases in visceral fat of roughly 1 lb per year as they progress through adulthood (3) . However, modern developments in agriculture and technologies have promoted the intake of high-calorie diets and sedentary lifestyles, causing accelerated weight gain in both children and adults. In obese individuals, excess adipose tissue releases increased levels of free fatty acids (NEFA). These excess fatty acids overload other metabolic tissues such as liver, muscle, and pancreatic β-cells with lipid, resulting in atherogenic dyslipidemia, insulin resistance, and hyperinsulinaemia (4) . While the physiological implications of obesity remain an area of intense research, recent evidence has shown that the fat-storage depot white adipose tissue (WAT), has other functions besides fat storage (5) . WAT is an endocrine organ, which produces hormones such as resistin, adiponectin, and leptin that are active throughout the entire body (6, 7) . WAT can also become a source of inflammation through secretion of adipokines, and accumulation of cytokine producing adipose tissue macrophages (ATMs) (8, 9) . In obese people, increased production of inflammatory cytokines and resistin seem to have a role in pro-inflammatory state and insulin resistance. Excess obesity also results in low adiponectin release from WAT which has been implicated in insulin resistance and fatty liver (4) .
Recent studies in mice have demonstrated that SIRT1, a NAD + -dependant protein deacetylase, is involved in regulating fat cell accumulation and maturation, hepatic lipid metabolism, systemic inflammatory status, central nutrient sensing, as well as circadian regulation of metabolism. Understanding the role SIRT1 plays in visceral fat as well as tissues involved in fat metabolism will likely provide insights into developing treatments for obesity-induced metabolic disease.
SIRT1 links cell energy status to gene regulation
The sirtuin family of proteins is poised at the crossroads between nutritional status and longevity. Sirtuins are highly conserved NAD + -dependant protein deacetylases and/or ADPribosyl transferases that target histones, transcription factors, co-regulators, as well as metabolic enzymes to adapt gene expression and metabolic activity in response to the cellular energy state (10) (11) (12) . Many members of this family, including the founder Sir2, have been shown to impact aging in species ranging from yeast to fly and it is believed these protective actions result from the beneficial regulation of stress management and energy homeostasis (13) (14) (15) . SIRT1, like its yeast ortholog Sir2, is a NAD + -dependant protein deacetylase ( Figure 1 ). SIRT1 is increasingly referred to as a master metabolic regulator due to its ability to modify and control numerous transcription factors involved in the whole body metabolic homeostasis ( Figure 2 ).
As a member of class III family of histone deacetylase (HDACs), SIRT1 deacetylates histone proteins in addition to transcription factors and cofactors. As SIRT1 lacks a DNAbinding domain, it is recruited to target promoters by sequence-specific transcription factors to induce chromatin remodeling and subsequently regulation of gene expression (16) . SIRT1 is also known to associate with heterochromatin regions and promote deacetylation of histone tails, recruitment and deacetylation of histone H1, and spreading of hypomethylated H3-K79 (17) . These epigenetic modifications mediated by SIRT1 generally result in a silencing of gene transcription and are thought to play an integral role in organismal health and ultimately lifespan (18) . Given its multiple functions, such as deacetylation, epigenetic modifications, and transcription factor modulation, SIRT1 have been proposed to provide a molecular link between cellular metabolic status, and adaptive transcriptional responses (3).
Not surprisingly, the activity of SIRT1 is tightly controlled in response to different environmental cues. One feeding regime that is thought to heighten sirtuin activation is Caloric Restriction (CR), which is a 20-40% reduction in calories consumed below ad libitum intake without malnutrition. CR has been shown to extend the median and maximum life span of numerous organisms including yeast, flies, worms, fish, and rodents and mammals (19) . In mammals, CR can also ameliorate many of the pathologies associated with obesity and metabolic syndrome, such as reduction of body fat, lowering serum triglycerides and LDL cholesterol, increase of HDL cholesterol, and improvement of insulin sensitivity (20, 21) . Sirtuins have been implicated as important mediators of CR-mediated lifespan extension. For example, in a number of lower model organisms, CR extends lifespan through activation of sirtuins (14, 22) . In mice, SIRT1 regulates energy metabolism and physical responses to CR (23) (24) (25) . SIRT1 has also been shown to participate in autophagy (26) (27) (28) (29) , which is a major mechanism by which a starving cell reallocates nutrients from unnecessary processes to more-essential processes (30, 31) Whether sirtuins mediate the life-extending effects of CR in mammals is currently an area of intense research. A recent study reported that behavior associated with caloric restriction did not occur when SIRT1 knockout mice were put on a calorie restricted diet, implying that SIRT1 is necessary for mediating the effects of caloric restriction (23) . Although biochemical parameters thought to mediate the lifespan extending effects of calorie restriction (reduced insulin, IGF1 and fasting glucose) were essentially the same in control mice as those lacking SIRT1, CR did not extend lifespan of full-body SIRT1 knockout mice (24) . Moreover, transgenic mice overexpressing SIRT1 are leaner than controls, more metabolically active, and have reduced serum levels of cholesterol, adipokines, insulin, and glucose (32) (33) (34) . Furthermore, activation of SIRT1 by the polyphenol resveratrol and several synthetic pharmacologic activators has been shown to protect against high-fat induced obesity and metabolic derangements (35) (36) (37) .
Consistent with above observations, SIRT1 protein levels have been shown to be elevated during CR in the brain, WAT, muscles, liver, and kidney (38, 39) . However, cellular NAD + levels or the NAD + /NADH ratio, which have been claimed as the primary mechanisms regulating SIRT1 activity, fluctuate depending on tissue type during CR (40) (41) (42) , suggesting that the activity of SIRT1 changes in different directions in different tissues during CR. Additional stimuli also modulate SIRT1 activity by altering cellular NAD + levels or the NAD + /NADH ratio. For example, in skeletal muscle C2C12 cells, SIRT1 activity is enhanced by AMP-activated protein kinase (AMPK) and increasing cellular NAD + levels (43, 44) . SIRT1 activity in C2C12 cells also appears to be under control of adiponectin through Ca 2+ signaling and changes of the NAD + /NADH ratio (45) . What drives cellular NAD + /NADH levels and SIRT1 activity during different physiological conditions, and in different tissues remains unclear. For instance, it has been reported that cellular NAD + levels increase in the liver upon starvation/fasting, but decrease upon refeeding (46) . However, a more recent report by Escande et al. analyzed the levels of both SIRT1 protein and NAD + concentration in the liver following a standard diet, starvation, and HFD feeding (47) . Their data show that neither NAD + levels nor SIRT1 protein levels fluctuate in the liver regardless of feeding patterns, which suggests that factors other than NAD + changes, such as posttranslational modifications or protein-protein interactions, regulate SIRT1 activity (47) .
The notion that SIRT1 is a key mediator in longevity is not exempt of controversial data. For example, while overexpression of SIRT1 in mice improves healthy aging, these changes are not sufficient to affect their lifespan (48) . In addition, the mechanisms of resveratrol's apparent protective effect on metabolic disorders and life span are not fully understood. Questions still remain whether or not resveratrol directly activates SIRT1 or functions through multiple signaling pathways (49, 50) . Nevertheless, investigation of sirtuins as potential mediators of CR has revealed that these proteins participate in surprisingly diverse aspects of mammalian biology including cell survival, cell senescence, DNA repair, rDNA transcription, and numerous metabolic pathways (17) . Given the many functions attributed to sirtuins, it is clear that their ability to regulate metabolism is essential to mammalian physiology.
SIRT1 signaling in the liver
The liver is a central metabolic organ that controls key aspects of lipid and glucose metabolism in response to nutritional and hormonal signals (51) . In fasted conditions, the liver converts lipid and glycogen stores into available energy through the process of fatty acid β-oxidation and glycogenolysis/gluconeogenesis. In the fed condition, metabolic programs in the liver are switched on in order to store energy in the form of glycogen and lipid droplets. Recent reports have shown that SIRT1 is an important regulator of hepatic metabolism. For example, SIRT1 inhibits TORC2, a key mediator of early phase glucogenogenesis, during short-term fasting (52) . Prolonged fasting leads to increased SIRT1 deacetylation and activation of PGC-1α as well as the lipid sensing nuclear receptor peroxisome proliferator-activated receptor (PPARα), resulting in increase in fatty acid oxidation and improved glucose homeostasis (46, 53, 54) . SIRT1 also regulates hepatic cholesterol and bile acid homeostasis through direct modulation of the liver X receptor (LXR) and farnesoid X receptor (FXR), key nuclear receptors that function as cholesterol and bile sensors ( Figure 3 ) (55) (56) (57) . Additionally, SIRT1 acts downstream of AMPK signaling, promoting fatty acid catabolism (58) .
The biological consequence of SIRT1's ability to control hepatic lipid metabolism is evidenced in several liver-specific transgenic mouse studies. Using an adenovirus expressing short hairpin RNA to knock down SIRT1, Rogers et al. showed that adenoviral knockdown of SIRT1 reduces expression of fatty acid β-oxidation genes in the liver of fasted mice (59) . Using liver-specific knockout mice (SIRT1 LKO), our group showed that deletion of SIRT1 in the liver impairs PPARα signaling and decreases fatty acid β-oxidation, whereas overexpression of SIRT1 induces expression of PPARα target genes (53) . As a result, SIRT1 LKO mice are susceptible to high-fat diet induced dyslipidemia and hepatic steatosis (53) . Our data further suggest that SIRT1 likely modulates PPARα activity through PGC-1α, a key coactivator for PPARα signaling and a direct target of SIRT1 (46, 60) . SIRT1 activates PGC-1α primarily though its ability to deacetylate this coactivator.
In addition to fatty acid metabolism, SIRT1 has also been shown to regulate cholesterol metabolism through deacetylation of LXRs (55) . Activation of LXR is beneficial in that it not only inhibits intestinal cholesterol uptake and promotes reverse cholesterol transport but also exerts potent anti-inflammatory effects that involve transrepression (61) . SIRT1 can directly deacetylate LXRs, resulting in increased LXR turnover and target gene expression (55) . Disruptions in LXR signaling are observed in whole-body SIRT1 deficient mice, which have lower levels of HDL cholesterol, while low-density lipoprotein (LDL) cholesterol is unaffected (55) . Since cholesterol efflux is reduced in macrophages and hepatocytes from these mice, it is likely that SIRT1 positively controls LXR activity to stimulate reverse cholesterol transport in vivo. An independent study from Rodgers et al. has shown that another LXR target gene CYP7A1 is reduced in the absence of hepatic SIRT1. This evidence suggests that bile acid synthesis, in addition to cholesterol efflux, is enhanced by SIRT1 (59) . Interestingly, the regulation of CYP7A1 was also found to be dependent on the coregulator PGC-1α.
FXR is also a target of hepatic SIRT1 in metabolic regulation (56) . FXR is an important regulator of cholesterol and bile acid homeostasis that regulates expression of numerous bile acid-responsive genes in the liver and intestine (57) . Acetylation of FXR inhibits its activity and is dynamically regulated by p300 and SIRT1 under normal conditions (56) . Downregulation of hepatic SIRT1 increases FXR acetylation, causing deleterious metabolic outcomes. Additionally, FXR acetylation levels were shown to be elevated in two mouse models of metabolic disorders, ob/ob mice and mice chronically fed a western-style diet. Treatment of mice with resveratrol or overexpression of SIRT1 substantially reduced FXR acetylation levels in these disease models (56) . These findings provide an intriguing correlation between elevated FXR acetylation and decreased SIRT1 activity, and provide further evidence of benefits for therapeutic targeting of SIRT1.
Another means by which SIRT1 may regulate hepatic lipid metabolism is through deacetylation of the sterol regulatory element binding protein (SREBP) family of transcription factors. SREBPs are critical regulators of lipid metabolism, which promote expression of lipogenic and cholesterolgenic genes involved in lipid storage (62) . Two recent reports revealed that SIRT1 can directly deacetylate SREBP, and that SIRT1 activity is important in the fasting-dependent attenuation of SREBP (63, 64) . In addition, chemical activators of SIRT1 inhibit SREBP target gene expression in vitro and in vivo, correlating with decreased hepatic lipid and cholesterol levels and attenuated liver steatosis in dietinduced and genetically obese mice. In summary, these findings imply that hepatic SIRT1 plays a critical role in metabolic regulation and activation of SIRT1 in the liver may prove beneficial in treating obesity-associates diseases.
Again, studies on the function of SIRT1 in the liver have yielded controversial and even contradictory observations. For example, we have observed that SIRT1 LKO mice gain weight and develop hepatic steatosis when fed a high-fat high-cholesterol diet (53) . However, using a similar hepatic-specific knockout mouse model, Chen et al. (42) reported a reduction in weight gain and liver fat accumulation in LKO mice when fed a western-style diet. One possible factor contributing to the discrepancy between our observations and those of Chen et al. may be the difference in age of animals at which the feeding was initiated and data were collected. The varied responses of SIRT1 LKO mice to a western-style diet at different ages raises the possibility that hepatic SIRT1 may selectively regulate alternative metabolic pathways at multiple stages of development. An inducible SIRT1 knockout model will be helpful to dissect age-dependent effects of SIRT1.
In addition to hepatic lipid metabolism, SIRT1 has been implicated as an important regulator of hepatic gluconeogenesis (52, 59) . In fact, one of concerns regarding applying SIRT1 activators in lipid metabolism diseases is that they may worsen obesity-associated diabetes due to increased hepatic gluconeogenesis. However, we have failed to observe significant changes of gluconeogenesis in our SIRT1 LKO mice in response to a 16-h fasting (53) . Gluconeogenesis is regulated by a complex interplay between transcription factor and hormonal and co-regulator signaling. Given the fact that SIRT1 deacetylates and represses two key transcriptional factors that are involved in the early and late fasting phases, FOXO1 (65) and TORC2 (52), while deacetylates and activates another key gluconeogenesis coactivator, PGC-1α (46), it is not surprising that the net effect of loss of SIRT1 on the gluconeogenesis is minimized by the complex compensation patterns of these factors.
SIRT1 and inflammatory disease
Macrophage activation and infiltration into resident tissues is known to mediate local inflammation and is a hallmark feature of metabolic syndrome (66) (67) (68) . This infiltration activates local inflammation which has been increasingly recognized as a causal factor leading to the development of the cluster of diseases surrounding metabolic syndrome (69) . Macrophages are phagocytc cells that engulf cellular debris and pathogens as part of the innate immune response. They quiescently monitor the bloodstream and tissue for signs of infection or damage. Upon stimulation, macrophages infiltrate resident tissue, perpetuating local inflammation and contribute to the development of insulin resistance and metabolic derangements (70) .
Over the past few years, sirtuins have been identified as important regulators of the immune system, with several studies showing that SIRT1 can repress inflammation in multiple tissues including the macrophage (71) (72) (73) (74) . Some reports have demonstrated that artificial overexpression of SIRT1 leads to suppression of the inflammatory response, whereas deletion of SIRT1 in hepatocytes results in increased local inflammation (34, 53 ). It appears that in immune signaling SIRT1's inhibitory actions work through at least two mechanistically distinct pathways. On one hand, sirtuins may diminish histone acetylation by inactivating histone acetyltransferase (HAT) enzymatic activity. In support of this notion, SIRT1 directly interacts with p300, the CREB-binding protein (CBP), and other HATs to inhibit the acetylation status of these enzymes (75) . Alternatively, SIRT1 has recently been reported to deacetylate the RelA/p65 subunit of NF-κB at lysine 310 in vitro using overexpression systems (75) . Deacetylation of K310 of RelA/p65 leads to decreases in NF-κB transcription activity, reducing production of proinflammatory cytokines and antiapoptotic genes (75) . In addition, it was recently reported that moderate overexpression of SIRT1 in mice leads to down-regulated NF-κB activity (34) .
As secretory cells, macrophages are vital to the regulation of immune responses and the development of inflammation (76) . Activation of NF-κB in macrophages leads to production and release of a wide array of proinflammatory cytokines and chemokines (77) . Several studies indicate that the beneficial effect of SIRT1 on metabolic disorders is due in part by its ability to suppress NF-κB activity and thus cytokine production of macrophages. For example, knockdown of SIRT1 in the mouse macrophage RAW264.7 cell line and in intraperitoneal macrophages increases LPS-stimulated TNFα secretion (73) . Moreover, gene expression profiles reveal that SIRT1 knockdown leads to an increase in inflammatory gene expression. Interaction between SIRT1 and NF-κB is also diminished by cigarette smoke, which causes increased acetylation of and activation of NF-κB proinflammatory response in human macrophages (71) . Using a macrophage specific knockout mouse (Mac-SIRT1KO), our group has recently provided in vivo evidence that SIRT1 deacetylates the nuclear RelA/ p65 subunit of NF-κB and attenuates NF-κB-mediated gene transcription (74) . Genetic deletion of SIRT1 in myeloid cells not only leads to hyperactive NF-κB signaling but also predisposes mice to the development of insulin resistance and metabolic disorders ( Figure  4) . Indeed, other studies have shown that SIRT1-mediated deacetylation of of NF-κB inhibits iNOS and cytokine-mediated beta-cell cell damage in the isolated rat islets.
Together, these findings demonstrate that SIRT1 activity in the macrophage directly regulates immune response and suggests that activators of SIRT1 may play an important therapeutic role in the treatment of chronic inflammatory diseases.
SIRT1 and adipose tissues
Adipose tissue functions both to store fat and as a conduit for hormone signaling. WAT secretes hormones such as leptin and adiponectin, which control energy balance, glucose regulation, and fatty acid catabolism. In addition, adipose tissue macrophages (ATMs) are prone to secrete high levels of TNFα, IL-6 and iNOS, resulting in a heightened inflammatory status particularly under obesity condition (78) . Therefore, an increase in adiposity elevates the risk of developing metabolic disease, while decreased levels of WAT are presumed to reduce metabolic risk factors. Among numerous factors involved in adipose tissue differentiation, the nuclear receptor PPARγ plays an essential role in modulating fatty acid storage and glucose metabolism (79) . PPARγ is integral in regulating the maturation of preadipocytes into mature fat cells. In mature fat cells, PPARγ regulates the induction of genes involved in free fatty acid uptake and triglyceride synthesis, thereby increasing the capacity of WAT for lipid storage (80) . SIRT1 has been shown to repress PPARγ, by docking to the negative cofactors of the nuclear receptor, and thereby downregulating genes such as the mouse aP2 gene (38) . Thus, when mice are starved, SIRT1 is induced to bind the aP2 promoter in WAT, repress gene expression, and promote mobilization of fat into the blood. Moreover, in differentiated adipose cells, upregulation of SIRT1 leads to decreased fat storage and increased lipolysis. Consistent with these findings, treatment of mice on a high fat diet with resveratrol was shown to reduce weight gain (35, 36) . These findings demonstrate that SIRT1 acts in concert with lipid regulating transcription factors to adapt gene transcription to changes in nutrient levels.
Obese individuals have an increase in quantity and size of adipocytes, whereas individuals under dietary restriction display decrease in body weight and WAT mass. The repression of PPARγ activity by SIRT1 in WAT therefore implies that SIRT1 may regulate adipocyte formation and function in response to dietary restriction (38) . As a reduction in adipose tissue is sufficient to extend murine lifespan (81), these findings provide a possible molecular pathway connecting calorie restriction to life extension in mammals.
The role of SIRT1 in brown adipose tissue (BAT) is still not clear. A study by Timmons et al. has suggested that SIRT1 may promote BAT differentiation through repression of MyoDmediated myogenic gene expression signature and stimulation of PGC-1α-mediated mitochondrial gene expression (82) . Interestingly, it has been recently shown that SIRT1 in the propiomelanocortin (POMC) expressing neurons selectively controls perigonadal WATto-BAT-like remodeling to increase energy expenditure in female mice (83) . POMC neuronspecific deletion of SIRT1 in mice causes hypersensitivity to diet-induced obesity due to reduced energy expenditure (83) . Consistent with these observations, Activation of SIRT1 by a specific SIRT1 activator, SRT1720, enhances oxidative metabolism in skeletal muscle, liver, and BAT (84) . Together, these data indicate that SIRT1 regulates BAT differentiation and functions through both cell autonomous and non-cell autonomous mechanisms.
SIRT1 in the brain
The brain is essential in controlling whole-body metabolism through both neurologic and endocrine functions. The hypothalamus is the primary brain center that interprets adiposity or nutrient related inputs to regulate energy homeostasis, and secretion of growth hormone (GH) and several satiety/hunger hormones such as α-melanocyte-stimulating hormone (α-MSH), cocaine-and-amphetamine-regulated transcript (CART) peptides, neoropeptide Y (NPY), and agouti-related protein (ARrP). A recent study by Cohen et al. demonstrated that mice lacking SIRT1 in the brain show specific defects in cells in the anterior pituitary (25) . Moreover, SIRT1 activity in the brain is required to mediate changes in pituitary signaling and physical activity that occur in response to CR (25) . This finding suggests that SIRT1 in the brain may function as a potential link between the pituitary hormones and CR longevity pathways in mammals.
The anorexigenic POMC expressing neurons and the orexigenic agouti-related protein (AgRP) expressing neurons of the hypothalamus are the major regulators of feeding and energy expenditure (85) . The POMC neurons produce satiety peptides thereby inhibiting food intake after feeding, while the AgRP neurons promote feeding in response to fasting and CR. Studies have shown that CR and fasting enhance SIRT1 expression and activity in the hypothalamus (86, 87) . However, in contrast to its anti-obesity functions in the periphery tissues, increased hypothalamic SIRT1 appears to associate with increased food intake and subsequent body-weight gain. A study by Çakir et al. revealed that ablation or knockdown of SIRT1 in the hypothalamic region results in decreased food intake and body weight gain ( Figure 6, (86) ). Moreover, fasting increases hypothalamic NAD + levels and SIRT1 protein content, while inhibition of hypothalamic SIRT1 activity reverses the fasting induced decrease of FOXO1 acetylation, resulting in increased POMC and decreased AgRP expressions (86) . Furthermore, recent studies have demonstrated that brain-specific SIRT1 transgenic mice displays enhanced neural activity in hypothalamus (87) , and AgRP neuronsspecific deletion of SIRT1 decreases AgRP neuronal activity, thereby alleviating the inhibitory tone on the POMC neurons, resulting in decreased food intake and body weight (88) . However, the apparent dichotomy of role of SIRT1 action in the periphery vs the hypothalamus is not all together surprising, given the fact that both fasting and CR induce fatty acid oxidation in periphery tissues but feeding behavior through central regulation.
These observations confirm that SIRT1 is an essential element in the periphery-central feedback circuits that mediate normal responses to nutrient deprivation.
In addition, the role of SIRT1 in the central control of whole body energy homeostasis appears to be complicated. A recent study has revealed that POMC neurons-specific deletion of SIRT1 in mice causes hypersensitivity to diet-induced obesity due to a blunted response to leptin signaling and reduced energy expenditure (83) . Importantly, deletion of SIRT1 in POMC neurons does not lead to overt dysfunctions of the CNS melanocortin system, and the reduced energy expenditure is not associated with changes in food intake (83) . Therefore, it is possible that chronic losses of SIRT1 in different neurons lead to different compensation patterns in the hypothalamus. An inducible cell type-specific SIRT1 knockout model will be helpful to further dissect the roles of SIRT1 in regulating central adaptive response to nutrient signals.
Given the important role of SIRT1 in regulation of nutrient sensing, targeting its activity in the brain may show promise for the treatment of obesity and associated metabolic disorders. Indeed, long-term intracerebroventricular infusion of resveratrol normalizes hyperglycemia and greatly improves hyperinsulinemia in mice with diet-induced obesity and diabetes (89) . These effects were observed without significant systemic changes in body weight, food intake, and circulating leptin levels. These findings are in line with other studies showing that resveratrol fed mice were resistant to diet-induced obesity and insulin resistance (35, 36) . In addition, central neural system resveratrol delivery reduces hypothalamic NF-κB inflammatory signaling by lowering acetylated-RelA/p65 and total RelA/p65 protein contents, as well as mRNA levels of NF-κB inhibitor of IκB kinase β (89). In summary, SIRT1 activity appears to be important in the regulation of the brain involved in metabolic homeostasis. As little is known at this stage, this area of sirtuin biology may yield important discoveries in coming years.
SIRT1 and circadian rhythm
Circadian rhythm, the cyclical 24-hour period of biological processes of living entities on Earth, depends on internal circadian clocks that generate rhythms in physiology and behavior in part through chromatin remodeling and epigenetic control of gene expression (90) . Recent studies have revealed an intriguing association between the circadian clock and cellular metabolism. For example, circadian disruption in mice has been linked to metabolic dysfunctions (91, 92) , while high-fat diet feeding alters both behavioral and molecular circadian rhythms (93, 94) .
Recent studies have linked SIRT1 function to the regulation of the circadian rhythm. The mammalian clock is controlled by negative-feedback loops mediated by the heterodimeric transcription factors CLOCK-BMAL1 and their transcriptional targets, including the PER and CRY proteins that directly repress CLOCK-BMAL1 activity, as well as REV-ERB and ROR nuclear receptors that control BMAL1 expression (95) . Interestingly, the CLOCK protein itself is a transcriptional activator that functions as a histone acetyltransferase (HAT) (96) , indicating that chromatin remodeling plays an important role in the regulation of circadian gene expression. Two earlier studies have shown that SIRT1 interacts with CLOCK-BMAL1 to directly regulate the amplitude of circadian clock-controlled gene expression through deacetylation of PER2 and/or BMAL1 (97, 98) . However, whether it is the amount of SIRT1 or its activity that is cyclically regulated by circadian clock remains under debate. Two recent studies appear to favor the circadian regulation of SIRT1 activity (99, 100) . The expression of NAMPT, an enzyme that controls a rate-limiting step in NAD + biosynthesis, is directly controlled by CLOCK-BMAL1 (Figure 7) . It has been proposed that this regulation leads to circadian oscillation of cellular NAD + levels, resulting in a cyclical regulation of SIRT1 activity (99, 100) . Together, these studies add a new feedback loop in the circadian clock that involves CLOCK-BMAL1, NAMPT, NAD + , and SIRT1 (Figure 7) , and provide an important link between the circadian clock and cellular metabolism.
However, it remains to be determined whether the observed oscillation of cellular NAD + levels (99, 100) is indeed responsible for the oscillation of SIRT1 activity (98) . It is interesting to note that the activity of immuno-purified endogenous SIRT1 proteins display a circadian oscillating pattern when measured in vitro with fixed amount of exogenous NAD + ( Figure 1D in (98) ). This finding suggests that post-translational modifications, or proteinprotein interactions also play a role in the circadian regulation of SIRT1 activity. Recent studies have shown that SIRT1 activity can be directly inhibited (101, 102) or activated (103, 104) by several protein factors. Its activity can also be modulated by phosphorylation modifications (105) (106) (107) . Particularly, we have recently shown that SIRT1 can be phosphorylated and activated by DYRK1A (108) , an essential clock component that governs the rhythmic phosphorylation and degradation of CRY2 protein (109) . Therefore, exploring the possible role of these factors in the circadian regulation of SIRT1 activity may provide novel insights into its function in the circadian rhythm.
Conclusions and Therapeutic Implications
The disruption of hepatic lipid metabolism, immune signaling, fat maturation, and circadian gene expression in SIRT1-deficient mouse models suggests that pharmacological modulation of SIRT1 could be of interest to curb diseases associated with obesity. Interestingly, small molecule activators of sirtuins, such as the polyphenol resveratrol and closely related derivatives, have shown promise as a therapeutic agent for the treatment of metabolic diseases (37, 110) . Whether these small-molecule drugs are direct activators of SIRT1 that function to prevent obesity and diabeties (49, 50) , is a topic of intense debate (50) . However, some studies have demonstrated that mice fed a high-fat diet along with resveratrol remain lean and healthy compared to over-weight control animals (reviewed in (111)). Additionally, resveratrol significantly increased aerobic capacity, as evidenced by increased running time and elevated oxygen consumption in muscle fibers. It is proposed that these drugs activate SIRT1 and thus act as calorie restriction mimetics by increasing fat mobilization, catabolism, and altering cholesterol homeostasis (111) .
Consistent with the importance of SIRT1 in the regulation of metabolic homeostasis in animal models, three single nucleotide polymorphisms (SNPs) in the SIRT1 gene were found to be correlated with weight gain in a study of elderly human subjects (112) . The study reported that common variants in SIRT1 are associated with lower BMI in two independent Dutch populations (112) . Carriers of these variants displayed 13-18% decreased risk of obesity and gain less weight over time. A separate case/control study of Belgian obese patients showed that a minor SIRT1 SNP was associated with decreased risk of obesity (113) . Interestingly, this variant allele was also associated with increased visceral fat in obese men (113) . Since increase visceral adiposity has been paradoxically implicated in increased insulin sensitivity (114) , SIRT1 may help to improve insulin sensitivity in obese males by coupling a protective effect against obesity with increased visceral adiposity. Furthermore, if activation of SIRT1 can result in loss of body fat without decreasing caloric intake, this could open the door for novel treatment and prevention strategies for obesity and related diseases. SIRT1 uses NAD + as a co-substrate to cleave acetyl groups from target proteins. Nicotinamide is a competitive inhibitor in the reverse reaction. Cellular energy as reflected in changes in NAD + levels are thought to influence SIRT1 activation. SIRT1 targets both histone and non-histone proteins. SIRT1 is often referred to as a 'Master Metabolic Regulator' because of its ability to influence several transcriptions factors involved in energy homeostasis. SIRT1 is involved in many functions in the liver. It controls key aspects of lipid and glucose metabolism through interaction with transcription factors. SIRT1 is activated in response to fasting, calorie restriction, changes in NAD + /NADH levels and by the polyphenol resveratrol. SIRT1 inhibits inflammatory signaling by deacetylating the p65 subunit of the NF-κB transcription factor. Loss of SIRT1 in the macrophage leads to increased production and release of proinflammatory cytokines, reactive oxygen species, and macrophage infiltration into resident tissue. These factors contribute to a state of chronic inflammation, which is thought to exacerbate visceral obesity (115). SIRT1 controls many aspects of lipid metabolism and fat cell maturation. SIRT1 represses the PPARγ nuclear receptor, thus down-regulating adipocyte differentiation and maturation. Loss of SIRT1 leads to increased adipose tissue macrophages and elevated inflammation. Hypothalamic SIRT1 controls central adaptive response to nutrient signals. Fasting increases NAD + levels and SIRT1 activity. SIRT1 deacetylates and activates FOXO1, and thus regulates POMC and AgRP expression. Hypothalamic SIRT1 also influences S6k signaling, however, it is not known whether this activation occurs upstream or down-stream of mTOR. SIRT1 as an essential element of a feedback loop that links cellular metabolism to circadian clock. The CLOCK-BMAL1 transcript complex directly controls the expression of NAMPT, which encodes the rate-limiting enzyme in NAD + biosynthesis. NAD + then regulates SIRT1 activity and modulates CLOCK-BMAL1-mediated transcription. SIRT1 also directly regulates the activity of PER, a negative regulator of CLOCK-BMAL1 transcription, through deacetylation.
